We exploited the differential activation of hypoxia-inducible factor (HIF)-dependent gene expression in tumors versus normal tissue for the design of a targeted oncolytic herpes simplex virus type-1 (HSV-1). A gene that is essential for viral replication, infected cell polypeptide 4 (ICP4), was placed under the regulation of an HIF-responsive promoter and then introduced into the thymidine kinase locus (U L 23) of HSV d120, which contains partial deletions in the two endogenous ICP4 genes. Recombinant HIF-HSV was isolated and their derivation from d120 was verified by expression of a truncated, non-functional form of ICP4 protein. Disruption of the U L 23 locus was confirmed by loss of thymidine kinase expression and resistance to acyclovir. Unexpectedly, HIF-HSV expressed ICP4 and induced tumor cell lysis at similar levels under normoxia and hypoxia. The lack of HIF-dependent ICP4 transgene expression by HIF-HSV was due to two factors that have not previously been reported-reversion of the ICP4 gene region to its wild-type configuration and increased HIF-transcriptional activity under normoxia when cells were infected with any strain of HSV-1. The findings that an oncolytic HSV-1 is genetically unstable and can activate a tumor-related promoter in a non-specific manner have important implications for any proposed use of this virus in cancer therapy.
Introduction
The hypoxia-inducible factor (HIF) pathway is activated in many human primary tumors, metastases and cancer stem cells. [1] [2] [3] [4] This is associated with increased patient mortality and resistance to chemo-and radio-therapies. 5, 6 In contrast, the HIF pathway is inhibited in normal, healthy tissues. This provides an opportunity to develop novel anti-cancer therapeutics. HIF is a heterodimeric transcription factor composed of an aand b subunit. 4 Normal tissues have undetectable levels of the a subunit because of its rapid ubiquitination and proteasomal degradation while the b subunit is constitutively present. 7 In tumors, the a subunit is stabilized and overexpressed in response to (i) intratumoral hypoxia and (ii) tumorspecific dysregulation of oncogene and tumor suppressor gene pathways. HIF regulates target gene expression by binding to an HIF-responsive DNA element (HRE). 4 Many HIF-target genes have key functions in tumor biology including tumor cell proliferation, tumor cell survival, angiogenesis, invasion/metastasis and glycolytic metabolism. The ability of HIF to activate a protumorigenic phenotype has led to intense efforts to identify agents that will inhibit its activity. One drawback to the anti-HIF agents discovered to date is that they function indirectly by targeting cellular pathways that regulate HIF. 6 Thus, these agents have multiple cellular targets, which could lead to unwanted toxicity in normal tissues. This necessitates the continued development of HIF inhibitors with greater specificity.
Oncolytic herpes simplex virus type-1 (HSV-1) is a promising cancer therapy approach, which utilizes the cytolytic replication cycle of the virus to specifically kill tumor cells (oncolysis). 8, 9 A wild-type HSV-1 cannot be used for cancer therapy because it lacks tumor specificity and is toxic to normal healthy tissues. To overcome this, the virus has been genetically redesigned such that its cytolytic replication cycle is specifically targeted to tumor cells. One strategy involves transcriptional regulation of infected cell polypeptide 4 (ICP4). 10 ICP4 is essential for the initiation of HSV gene expression and null mutants do not undergo viral replication. 11 Two strategies have been used to transcriptionally regulate ICP4, which is present in two copies per HSV genome. One strategy involves replacing endogenous ICP4-transcriptional regulatory elements with other regulatory elements. This approach has been largely unsuccessful (reviewed in Miyatake et al. 12 ). A second strategy involves inserting into an ICP4-null HSV-1 an exogenous ICP4 under the regulation of a promoter that is preferentially active in tumor cells compared with normal tissues. This second strategy has been more successful. In the G92A, 12, 13 d12.CALP, 14 bM24-TE 15 and CEAICP4 16 oncolytic HSVs, transcriptional regulation of an exogenous ICP4 gene was accomplished using albumin, calponin, Wnt/T-cell factor and carcinoembryonic antigen (CEA) promoters, respectively. This led to selective virus replication and associated cytolysis against hepatocellular (G92A), soft tissue and bone tumors (d12.CALP), and colorectal and hepatoblastomas (bM24-TE). While these three viruses showed anti-tumor activity against their respective tumor types, they are limited in that (i) these tissue-specific promoters are active in some normal cells and (ii) viral replication is primarily targeted to only a specific tumor type and this is further restricted to only a subgroup. CEAICP4 can be potentially used against a broader range of tumor types as CEA is overexpressed in a wide variety of epithelial cancers. However, the replication of CEAICP4 is greatly attenuated even in several CEA-positive cell lines. 16 bM24-TE 15 and G92A 12 also exhibited attenuated replication in permissive cells. An alternative approach is to use a viral, rather than cellular, promoter to regulate ICP4 expression. HSPV-1 contains the human papillomavirus type-16 upstream regulatory region (URR16) promoter for the targeted expression of ICP4 in oral cancer. 17 Unfortunately, viral replication did not correlate with the tumor origin or the presence of HPV sequences in the cell. This was attributed to altered transcriptional regulation of the URR16 promoter following HSV-1 infection. Therefore, there is a continued need to evaluate other promoters for their ability to support efficient and tumor-specific replication of an oncolytic HSV-1.
We previously developed HIF-responsive promoters, which specifically and strongly induce target gene expression in HIF-active tumor cells. 18 In this study, we evaluated whether these promoters could be utilized to create an oncolytic HSV-1, which is conditionally activated by HIF. For this, we introduced an ICP4 gene under the regulation of an HIF-responsive promoter into the HSV mutant d120, which contains partial deletions in both copies of the ICP4 gene.
Materials and methods

Cells
Human LN229 glioma, 19 human U251MG-T2 glioma, 20 human LN319 glioma, 19 Viruses and generation of HIF-HSV Wild-type HSV-1 (KOS strain, American Type Culture Collection) was grown in Vero cells. The d120 HSV-1 mutant (KOS strain) contains a deletion in both copies of the ICP4 gene (kindly provided by Neil DeLuca) and was grown in E5 cells. Prior to use, all virus stocks were titered by a plaque assay using Vero (HSV-1) or E5 (d120, HIF-V6R-HSV, HIF-E6L-HSV) cells.
The E6L and V6R HIF-responsive promoters were derived from the pBI-E6L and pBI-V6R plasmids. 18 These plasmids contain an HIF-responsive promoter upstream of a multiple cloning site and can be used for targeted gene expression in HIF-active cells. The E6L and V6R promoters contain six tandem copies of the HIFresponse elements from the erythropoietin or vascular endothelial growth factor genes, respectively. The cloning process for the generation of HIF-V6R-HSV and HIF-E6L-HSV required the creation of two SpeI restriction enzyme recognition sites in the pBI-V6R and pBI-E6L plasmids. A SpeI recognition sequence was created in pBI-V6R and pBI-E6L at the 3 0 end of the SV40 polyadenylation sequence using the QuikChange Site-directed mutagenesis kit (Stratagene, La Jolla, CA). Primers for mutagenesis were Spemutf (5 0 -CCCTTTCGTCTTCAC TAGTCGCTGGTCGAGCTG-3 0 ) and Spemutr (5 0 -CA GCTCGACCAGCGACTAGTGAAGACGAAAGGG-3 0 ). PCR conditions were 1 cycle at 95 1C for 30 s; 16 cycles at 95 1C for 30 s, 55 1C for 1 min, 68 1C for 9 min and then held at 4 1C. Generation of the SpeI site was confirmed by restriction enzyme analysis. pBI-V6R and pBI-E6L were further modified to contain HindIII and SpeI recognition sequences at the 5 0 end of the b-globin polyadenylation sequence. The single-stranded oligonucleotides EHSlinkR (5 0 -ACTAGTAAGCTTGAT-3 0 ) and EHSlinkf (5 0 -ATC AAGCTTACTAGT-3 0 ) were mixed, heated to 95 1C for 5 min, allowed to cool to room temperature to generate double-stranded oligonucleotides and then ligated into EcoRV-digested pBI-V6R and pBI-E6L plasmids. Insertion of the oligonucleotide and recreation of the EcoRV recognition site were confirmed by restriction enzyme analysis. All plasmids had more than one oligonucleotide insert based on DNA sequencing using the bglobinseq primer (5 0 -AACAACACCCTGAAAACTTT-3 0 ). Extra inserts were removed by EcoRV restriction enzyme digestion, gel purification of the vector and ligation. The presence of one oligonucleotide insert was confirmed by restriction enzyme analysis and DNA sequencing using the bglobinseq primer. The modified plasmids were called pBI-V6R-(double SpeI) and pBI-E6L-(double SpeI). The complete coding sequence for ICP4 was amplified by PCR with Pfu Turbo DNA polymerase (Stratagene) and DMSO (10% final concentration in PCR reaction) using wild-type HSV-1 template DNA and primers ICP4F (5 0 -CCGATCGTCCACACG-3 0 ) and ICP4R (5 0 -TACTGCAAAACTTAATCAGG-3 0 ). PCR conditions were 1 cycle at 95 1C for 1 min; 30 cycles at 95 1C for 30 s, 57 1C for 30 s and 72 1C for 5 min; 1 cycle at 72 1C for 10 min; and then held at 4 1C. The resulting 4.3 kb PCR product was gel purified and then cloned into the pCR-Blunt II-TOPO (Invitrogen, Carlsbad, CA) to generate pCR-Blunt II-TOPO-ICP4. The presence and orientation of ICP4-coding sequences in pCR-Blunt II-TOPO were confirmed by restriction endonuclease digestion and DNA sequencing using M13 forward and reverse primers. A 4.4 kb HindIII/XbaI fragment containing the ICP4-coding region from pCR-Blunt II-TOPO-ICP4 was ligated into pBI-V6R-(double SpeI) and pBI-E6L-(double SpeI) digested with HindIII/NheI to generate pBI-V6R-ICP4 and pBI-E6L-ICP4. A 5.4 kb SpeI fragment from pBI-V6R-ICP4 and pBI-E6L-ICP4 was ligated into XbaI-digested pTKDL ( 12 generously provided by Samuel Rabkin, Harvard Medical School) to generate pTKDL-V6R-ICP4 and pTKDL-E6L-ICP4. To create recombinant HIF-V6R-HSV, E5 cells were transfected using Effectene (Qiagen, Valencia, CA) with HindIII-linearized pTKDL-V6R-ICP4. Five hours later, cells were infected with d120 at multiplicity of infection (MOI) 1. Eighteen hours later, 75 mM acyclovir (ACV) was added to the media and the cells were incubated until plaques were observed. Virus was recovered from cells by three freezethaw cycles and grown on Vero cells under hypoxia with 75 mM ACV. Virus was amplified in E5 cells and then grown in (i) Vero cells under hypoxia with 75 mM ACV or (ii) E5 cells. Ten HIF-V6R-HSV plaques (clone numbers 6-15) were selected from the Vero plates and seven HIF-V6R-HSV plaques (clone numbers [16] [17] [18] [19] [20] [21] [22] were selected from the E5 plates. To create recombinant HIF-E6L-HSV, E5 cells were transfected using Effectene with HindIII-linearized pTKDL-E6L-ICP4. Twenty-four hours later, cells were infected with d120 at MOI 1. Five hours later, 75 mM ACV was added to the media and the cells were incubated until plaques were observed. Virus was recovered from cells by three freeze-thaw cycles and then grown in Vero cells under hypoxia with 75 mM ACV. Five HIF-E6L-HSV plaques were selected (clone numbers 1-5). All selected virus clones were amplified and titered.
ICP4 and thymidine kinase expression
LN229 and E5 cells were mock or virus infected at the MOI indicated in the figure legends. The cells were placed under normoxia or hypoxia. One day later, cells were collected in PBS using a cell scraper and then pelleted by microcentrifugation for 5 min at 2300 g. Collected cells were lysed using lysing buffer (20 mM sodium phosphate, 5 mM EDTA, 150 mM NaCl, 50 mM NaF, 1% Triton X-100, 1X protease inhibitor cocktail and 1X phosphatase inhibitor cocktail (Sigma, St Louis, MO)). Protein concentrations were determined using protein assay dye (Bio-Rad, Hercules, CA). Proteins were separated by electrophoresis using 10% criterion precast gels (Bio-Rad) and blotted to PVDF membrane (Bio-Rad). Molecular weight standards were precision plus dual color (Bio-Rad) and/or page ruler prestained ladder (Fermentas, Glen Burnie, MD). The primary antibodies were anti-HSV-1 ICP4 (Virusys, Taneytown, MD), anti-HSV-1 thymidine kinase (Santa Cruz Biotechnology, Santa Cruz, CA), anti-GAPDH (Calbiochem, La Jolla, CA) or anti-b-actin (Sigma). The secondary antibodies were anti-mouse IgG þ IgM alkaline phosphate linked whole antibody from goat (Amersham Biosciences, Piscataway, NJ) or AP-rabbit anti-goat IgG (H þ L) conjugate (Zymed Laboratories, Carlsbad, CA). Signal was detected using ECF substrate (Amersham Biosciences). Membranes were stripped of signal using 1X Stripping buffer (Boston BioProducts, Worcester, MA) and then reprobed.
ACV-sensitivity and cytopathic-effect assays
For ACV-sensitivity assays, LN229 cells were mock or virus infected at MOI 0.05. Following infection, cells were grown in the absence or presence of 110 mM ACV under normoxia or hypoxia. For cytopathic-effect (CPE) assays, LN229, LN319 and U251MG-T2 cells were mock or virus infected at MOI 0.25 and then grown under normoxia or hypoxia. Following infection, cells were visually monitored for CPE (cell lysis/detachment) and then analyzed when extensive CPE was seen. Cells were fixed with ice-cold 100% methanol, stained with crystal violet solution (1% crystal violet, 10% formaldehyde, 20% ethanol, in water) for 20 min, destained in water and allowed to dry at room temperature. Photographs were taken at Â 100 magnification. The percent CPE was quantified by a 3-(4,5 dimethlyliazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) assay from three replicates/experimental condition. The values obtained with virus infection were normalized to mock-infected cells. Percent CPE ¼ (1-(average optical density of mockinfected cells/average optical density of virus-infected cells)) Â 100.
PCR for endogenous ICP4 locus N33 cells were mock or virus infected at MOI 0.5. DNA was extracted from cells with the Gentra Puregene genomic DNA isolation kit (Qiagen). The presence of amplifiable viral DNA was analyzed using RIGR-5 0 (5 0 -CCTAGCACATGTGTGGGGTTAGGGC CGG-3 0 ) and RIGR-3 0 (5 0 -CGACCCACATGTTTACT TAAAAGGCGTG-3 0 ) primers, which amplify a 1053 bp region from the right intergenic region of HSV-1. The presence of a wild-type ICP4 gene locus was analyzed using ICP4 P-5 0 (5 0 -GACTATATGAGCCCGAGGA CG-3 0 ) and ICP4-3 0 (5 0 -CTCTGGTTGTCAAACAGC AGG-3 0 ) primers. These primers amplify a 2418 bp region spanning from the ICP4 promoter to the ICP4 3 0 -coding region, a region that is deleted in d120. Amplification of DNA sequences was performed using the GC-rich PCR system (Roche, Mannheim, Germany). PCR conditions were 1 cycle at 95 1C for 5 min; 40 cycles at 95 1C for 30 s, 55 1C for 30 s and 70 1C for 5 min; 1 cycle at 70 1C for 20 min and then held at 4 1C. PCR reactions were run with 1 kb and 100 bp molecular weight standards (Bio-Rad) on 1% agarose gels containing ethidium bromide and were visualized by UV light.
HIF-transcriptional activity LN229 cells (2.25 Â 10 5 ) were transfected as described in Post and Van Meir 18 using GenePORTER transfection reagent (Genlantis, San Diego, CA) with 1 mg pBI-GL-V6R or pBI-GL-E6L, which contain the luciferase reporter gene under the control of the V6R or E6L HIF-responsive promoters, respectively. The next day, cells were mock or virus (HSV-1, d120, HIF-V6R-HSV or HIF-E6L-HSV) infected in triplicate at MOI 0.05, 0.25 or 1. Cells were placed under normoxia or hypoxia. One day later, luciferase activity was measured using a Luc-screen kit (Applied Biosystems, Foster City, CA) and normalized to total cellular protein (light units mg -1 protein). Data was statistically analyzed using a Student's t-test. A Po0.05 was considered to be significantly different.
Results
Construction of an HIF-activated HSV-1
We utilized the pTKDL recombination plasmid and d120 virus to construct a recombinant HSV-1 that selectively replicates in HIF-active tumor cells ( Figure 1 ). pTKDL allows for the introduction of exogenous DNA sequences into the thymidine kinase locus (U L 23, thymidine kinase (TK)) of HSV-1. 12 This results in the disruption of the TK gene and the absence of TK protein expression by recombinant viruses. d120 is a replication-deficient HSV-1 that contains deletions in both copies of the endogenous ICP4 gene. Propagation of d120 is achieved by growth in ICP4-complementing cell lines, such as E5. 11 To generate an HIF-activated HSV-1 (HIF-HSV), we introduced the ICP4 gene under the regulation of an HIFresponsive promoter into the TK locus of d120. Two independent HIF-responsive promoters, V6R and E6L, were chosen because of their ability to tightly regulate transgene expression under HIF-active conditions relative to normoxia. 18 Multiple recombinant HIF-E6L-HSV (clone numbers 1-5) and HIF-V6R-HSV (clone numbers [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] were prepared from independent plaques and characterized further. d120 expresses a unique truncated (34 kDa) nonfunctional form of ICP4 protein. 11 Therefore, the origin of HIF-V6R-HSV and HIF-E6L-HSV from d120 was examined by western blotting for the 34 kDa ICP4 protein using infected E5 cells ( Figure 2 ). d120-infected cells Figure 1 Schematic of HIF-HSV. The HSV-1 ICP4 gene, which is essential for virus replication, was placed under the regulation of the V6R or E6L HIF-responsive promoters 18 and then cloned into pTKDL 12 to generate pTKDL-V6R-ICP4 and pTKDL-E6L-ICP4 recombination plasmids. The ICP4 gene expression cassette was then inserted into the thymidine kinase (TK) gene region of the HSV-1 d210 genome (ICP4 gene deleted, white triangles) by homologous recombination in E5 cells to generate HIF-V6R-HSV and HIF-E6L-HSV. (Figure 2a ) and HIF-V6R-HSV (Figure 2b ) also expressed the 34 kDa ICP4. In contrast, HSV-1-and mock-infected cells served as a negative control and displayed no expression of the truncated ICP4 protein. Similar results were obtained using infected LN229 cells ( Supplementary  Figure 1 and not shown). In summary, these results demonstrate that HIF-V6R-HSV and HIF-E6L-HSV are derived from d120.
250-150-
Of note, the expression of full-length ICP4 protein was visible in E5 cells infected with HSV-1, HIF-HSV and d120, but not mock-infected cells. The expression of fulllength ICP4 protein by d120-infected and not mockinfected E5 cells is consistent with other reports. 23 E5 cells contain a stably transfected ICP4 gene under the control of its endogenous promoter. 11 One explanation for these results is that the ICP4 promoter present in E5 cells is activated by the trans-activator virion-associated VP16 protein in d120 virions, thereby allowing the detection of full-length ICP4 protein. 23 To confirm that d120 does not express full-length ICP4 protein, we infected LN229 (ICP4 null) with d120 or HSV-1 at increasing MOIs and then analyzed expression of the 175 kDa and 34 ICP4 protein by western blot analysis ( Supplementary  Figure 1) . Mock-and virus-infected E5 cells were included for comparison. Mock-infected cells did not express ICP4 protein. HSV-1-infected E5 and LN229 cells expressed only the 175 kDa ICP4. d120-infected LN229 cells exclusively expressed the 34 kDa ICP4 protein. In contrast, d120-infected E5 cells expressed both the 175 kDa and 34 ICP4 proteins. These results demonstrate that d120 is capable of expressing only the truncated 34 kDa ICP4 variant.
Disruption of the TK gene locus in HIF-V6R-HSV and HIF-E6L-HSV was evaluated by western blotting for TK expression using infected E5 cells ( Figure 2 ). HSV-1 and d120, which contain an intact TK gene, expressed detectable levels of TK protein. In contrast, HIF-E6L-HSV (Figure 2a ) and HIF-V6R-HSV ( Figure 2b ) did not express TK. Similar results were obtained using infected LN229 cells ( Supplementary Figure 2) . Of note, a TK band was not evident in d120-infected LN229 cells, which is consistent with the replication-deficient phenotype of this virus in non-permissive (ICP4 null) cell lines. We also evaluated disruption of the TK locus in the HIF-HSVs by an ACV-sensitivity assay using infected LN229 cells (Figure 3; Supplementary Figure 3 ). ACV is a prodrug, which is converted by viral TK into an active inhibitor of viral and cellular DNA synthesis. HSVs with an intact TK gene are sensitive to the anti-viral effects of ACV and do not replicate, whereas TK-null-HSVs are resistant to the drug and undergo viral replication. ACV has no effect on the growth of mock-infected LN229 cells (Figure 3a ). d120 did not induce CPE of LN229 cells in the absence or presence of ACV, consistent with its replication-deficient phenotype (Figure 3b ). As expected, HSV-1 induced extensive CPE of infected cells in the absence of ACV while no evidence of CPE was evident in HSV-1-infected cells grown in the presence of ACV (Figures 3a and b ).
This demonstrates that ACV is working to inhibit HSV-1. In contrast, HIF-E6L-HSV and HIF-V6R-HSV induced CPE of infected cells in the presence and absence of ACV (Figures 3a and b; Supplementary Figure 3 ). These results are consistent with the disruption of the TK gene locus in HIF-V6R-HSV and HIF-E6L-HSV. Unexpectedly, these studies also revealed that the HIF-HSVs induce CPE of infected cells maintained under normoxia and hypoxia. This was the first indication that the HIF-HSVs are not regulated in an HIF-dependent manner. This is further explored below.
Full-length ICP4 (175 kDa) expression by HIF-E6L-HSV and HIF-V6R-HSV is not HIF dependent
The ability of HIF-E6L-HSV and HIF-V6R-HSV to express full-length ICP4 (175 kDa) under normoxia versus hypoxia was evaluated by western blotting using infected LN229 cells (Figure 4 ). Mock, d120 and HSV-1-infected cells were used as controls. Mock-and d120-infected cells did not express detectable levels of ICP4 protein, whereas cells infected with HSV-1 expressed full-length ICP4. Unexpectedly, all of the HIF-E6L-HSV and HIF-V6R-HSV expressed ICP4 at similar levels under normoxia and hypoxia. These results demonstrate a lack of HIFdependent ICP4 transgene expression by HIF-E6L-HSV and HIF-V6R-HSV.
HIF-E6L-HSV and HIF-V6R-HSV lyse normoxic and hypoxic cells
The ability of HIF-E6L-HSV and HIF-V6R-HSV to specifically induce CPE of hypoxic tumor cells was evaluated using LN229 ( Figure 5; Figure 3 ; Supplementary Figure 3 ), U251MG-T2 (Figure5; Supplementary  Figure 4 ) and LN319 tumor cells ( Figure 5 ). Similar results were obtained for all three cell lines. Mock and replication-deficient d120-infected cells served as negative controls and displayed o14% cell death under normoxia and hypoxia. This demonstrates the lack of toxicity because of the infection and/or hypoxic conditions. In contrast, HSV-1 induced extensive cytolysis (456%) under normoxia and hypoxia. HIF-E6L-HSV and HIF-V6R-HSV infection led to extensive cytolysis (460%) under normoxia and hypoxia. In general, the degree of cytolysis by HSV-1 and the HIF-HSVs was greater under normoxia than hypoxia. These results demonstrate that the HIF-HSVs do not exhibit HIF-dependent oncolytic activity. This is consistent with the ICP4 (175 kDa) expression data from Figure 4 and shows that the levels of ICP4 produced by the HIF-HSVs are sufficient to initiate the viral replication cycle under normoxia and hypoxia. To better understand the lack of HIF-dependent regulation of the HIF-HSVs, two parallel sets of experiments were performed as described below.
Reconstitution of the ICP4 gene region to its wild-type configuration in HIF-E6L-HSV and HIF-V6R-HSV We evaluated whether the ICP4 gene region reverted to a wild-type configuration in the HIF-HSVs. We performed PCR using viral DNA and primers specific for the HSV-1 ICP4 promoter and its 3 0 -coding region ( Figure 6 ).
For these studies, the N33 cell line was utilized to grow viruses for DNA isolation. This cell line contains HSV-2, rather than HSV-1, ICP4 sequences. Cellular DNA isolated from uninfected N33 cells did not generate the expected 2418 bp ICP4 PCR product, demonstrating the specificity of the primers for HSV-1, and not HSV-2, ICP4 sequences. As expected, the HSV-1-positive control showed a 2418 bp ICP4 PCR product while the d120 negative control did not. All the HIF-E6L-HSV and HIF-V6R-HSV DNA samples showed a 2418 bp ICP4 PCR product. This demonstrates that the HIF-HSVs contain a complete coding sequence for ICP4 downstream of its native promoter. This most likely explains the lack of HIF-dependent regulation of the HIF-HSVs.
Increased HIF-transcriptional activity under normoxia following HSV infection
We evaluated if HIF-transcriptional activity was increased under normoxia or hypoxia following infection with d120, HSV-1 or the HIF-HSVs (Figure 7 ). For this, LN229 cells were transfected with a plasmid containing the luciferase reporter gene under the control of the same E6L or V6R HIF-responsive promoters, which are present in HIF-E6L-HSV and HIF-V6R-HSV, respectively. Similar to published studies, 18 mock-infected cells showed a significant increase in luciferase reporter gene expression under hypoxia compared with normoxia (Po0.013; Supplementary Table 1 ). This demonstrates that the HIF-activated luciferase reporter plasmid and our hypoxic conditions were working as expected. Infection of cells with d120, HSV-1, HIF-E6L-HSV or HIF-V6R-HSV led to a significant increase in Figure 4 Strains HIF-E6L-HSV and HIF-V6R-HSV express full-length ICP4 (175 kDa) and expression is not HIF dependent. LN229 cells were infected at MOI 0.05 with the indicated HIF-E6L-HSV (clones 1-5) or HIF-V6R-HSV (clones 6-22) clone and then grown under normoxia (N) or hypoxia (H). As controls, cells were mock or virus infected with HSV-1 strain KOS or d120. One day later, 20 mg of total cell lysate was western blotted for full-length ICP4 (175 kDa) protein expression. GAPDH (36 kDa) or actin (42 kDa) protein expression was used as a loading control. M, molecular weight standard lane.
Figure 5
Normoxic and hypoxic cells undergo CPE following infection with HIF-E6L-HSV and HIF-V6R-HSV. LN229, U251MG-T2 and LN319 cells were infected with HIF-E6L-HSV (clones 1-5) or HIF-V6R-HSV (clones 7, 9, 16, 18, 21) and then grown under normoxia or hypoxia. As controls, cells were mock or virus infected with HSV-1 strain KOS or d120. CPE (cytolysis/detachment) was measured by an MTT assay at 5 days post-infection from three replicates/experimental condition. The CPE obtained with each virus was normalized to mock-infected cells as described in the legend of Figure 3 . The data represents the mean ± s.d.
HIF-transcriptional activity under normoxia by up to 14-fold (Po0.04). In virus-infected cells maintained under hypoxia, there was no consistent pattern of HIFtranscriptional activity compared with mock-infected cells maintained under hypoxia (not shown). These results demonstrate that HSV infection increases HIF-transcriptional activity under normoxia.
Discussion
We evaluated the feasibility of generating an HIFactivated oncolytic HSV (HIF-HSV) for the specific killing of tumor cells that are hypoxic. As hypoxia is a common feature of tumors, but is not seen in normal tissues, such a virus could have very wide applications in the treatment of cancer. We selected the HSV-1 as the backbone for the new vector as this virus is highly cytotoxic, has a broad host range and has shown promising results in clinical trials of several types of tumor. 8, 9 An early viral gene, ICP4, which is essential for virus replication, was placed under the regulation of an HIF-responsive promoter and then introduced into the TK locus of the ICP4-null HSV mutant d120. Derivation of recombinant HIF-HSV from d120 was verified by expression of a truncated, non-functional form of the ICP4 protein. The insertion of the novel construct into the TK locus was confirmed by the loss of TK protein expression and by the development of resistance to ACV. We have previously shown that the V6R and E6L HIF-responsive promoters exhibit extremely tight regulation of transgene expression under hypoxic conditions. 18 In addition, we recently generated a new form of oncolytic adenovirus using the V6R promoter and this virus shows very precise hypoxia-regulated viral replication and antitumor effects. 22, 24 The failure of our novel HIF-HSVs to show similar hypoxic specificity was, therefore, not expected.
Two factors were identified, which explained the lack of hypoxia-regulated specificity of the HIF-HSVs. The first was the restoration of the ICP4 gene under the control of its native promoter. This occurred during the generation of both HIF-E6L-HSV and HIF-V6R-HSV and in multiple, independently isolated virus clones. d120 can generate wild-type ICP4 recombinants at a low frequency when grown in ICP4-complementing cell lines. 11 This most likely reflects a recombination event between d120 and exogenous ICP4 gene sequences, which are stably integrated in the cellular genome. In our studies, we utilized the E5 ICP4-complementing cell line. We then transfected these cells with an HIF promoter:ICP4 expression construct and d120 virus. It is possible that these experimental conditions may favor the generation of wild-type ICP4 recombinants at a higher frequency. One possibility is that during the generation of HIF-HSV, a recombination event occurred between ICP4 sequences in the linearized plasmid construct and ICP4 sequences in the d120 genome. Interestingly, the recombination event was restricted to only one of the ICP4 loci, as all HIF-HSVs retained the truncated (34 kDa) ICP4. The next step is to better characterize the recombination event to distinguish recombination of the d120 genome with ICP4 sequence in the plasmid DNA versus E5 cells. One approach would be to use a plasmid construct that has point mutations in ICP4. Another option is to use N33 cells, which contain ICP4 sequences from HSV-2 rather than HSV-1. Four other transcriptionally regulated ICP4 oncolytic HSVs have been generated using E5 cells, d120 and an individualized promoter:ICP4 expression construct, [12] [13] [14] [15] [16] but none of these reports commented on the generation of wild-type ICP4 recombinants. Thus, the prevalence of generating wild-type ICP4 recombinants using this experimental approach is unknown. Differences between these four viruses exist in the recombination construct used (pKpX2D plasmid, pTKDL plasmid, Flip-Flop-BAC system) and target site for integration of the promoter:ICP4 sequence (TK versus ICP6). Further analysis of these oncolytic HSVs may reveal whether these factors have a function in the frequency of generating wild-type ICP4 recombinants. Genetic stability of oncolytic viruses is an important safety issue. With regards to oncolytic HSV, the generation of 'wild-type' HSV by recombination or genetic instability has the potential to cause serious toxicities in patients including corneal blindness and encephalitis. Our studies highlight the need to (i) better understand the generation of 'wildtype' recombinants during the production of oncolytic HSV-1 and (ii) develop new vector systems for producing transcriptionally regulated ICP4 oncolytic HSVs that minimize the generation of wild-type ICP4 recombinants. Figure 6 Reconstitution of the ICP4 gene region to its wild-type configuration in HIF-V6R-HSV and HIF-E6L-HSV. Total DNA isolated from HIF-E6L-HSV (clones 1-5) or HIF-V6R-HSV (clones 6-22)-infected N33 cells were subjected to PCR using primers specific for the HSV-1 ICP4 promoter and 3 0 -coding region. As controls, DNA from uninfected or virus (HSV-1, d120)-infected N33 cells were used. The 2418 bp PCR product using the ICP4 primers (specific for the ICP4 promoter and its 3 0 -coding region) indicates full-length HSV-1 ICP4-coding sequences downstream of its native promoter. The 1053 bp PCR product using the right intergenic region (RIGR) primers show the presence of amplifiable viral DNA.
The second factor that prevented the HIF-HSV strains from showing the required specificity was that HIFtranscriptional activity is induced following HSV infection. This was evident under normoxia following infection with HSV, d120, HIF-V6R-HSV and HIF-E6L-HSV. In addition, two independent HIF-responsive promoters, V6R and E6L, were activated in the context of a plasmid following HSV infection. This effect is specific to HSV as Figure 7 Increased HIF-transcriptional activity under normoxia following HSV infection. LN229 cells were transfected with plasmids pBI-GL-E6L or pBI-GL-V6R, which contain the luciferase reporter gene under the control of the E6L or V6R HIF-responsive promoters, respectively. Cells were then mock or virus infected with d120, HSV-1, HIF-E6L-HSV (clone 1) or HIF-V6R-HSV (clone 16) at MOI 0.05, 0.25 or 1 in triplicate. Cells were grown under normoxic conditions. The next day, luciferase activity was measured and normalized to total protein concentration. The data represents the mean ± s.d. Asterisks indicate a significant increase in HIF-transcriptional activity (luciferase activity) in virus versus mockinfected cells (Po0.04). activation of these promoters was not seen following infection with an adenovirus. 25 Thus, the induction of HIF by HSV-1 argues against the use of an HIFresponsive promoter for the creation of a tumor-specific oncolytic HSV-1. As all of the HIF-HSVs had reconstitution of the ICP4 locus to its wild-type configuration, we were not able to evaluate the impact of increased HIFtranscriptional activity under normoxia on the replication cycle of the HIF-HSVs. The regulation of HIF is complex and occurs at multiple levels including transcription, translation, post-translational modification, protein:protein interaction and degradation. 7 Many positive and negative regulators of HIF have been identified including hypoxia, growth factors, cytokines, hormones, oncogenes and tumor suppressor genes. In addition to these factors, HIF expression and activity is also activated following bacterial, viral and parasitic infections. 26 This includes infection by two members of the Herpesviridae family, Epstein-Barr virus 27, 28 and Kaposi's sarcoma-associated herpes virus (human herpes virus 8). [29] [30] [31] [32] [33] Our studies with HSV-1 identify a third member of the Herpesviridae family that induces HIF under normoxia. It will be interesting to determine if all members of this virus family have this feature in common. Viruses induce HIF under normoxia by multiple mechanisms including (i) increased HIF gene transcription, 29, 32, 34 (ii) increased HIF protein synthesis by activating cellular signaling pathways 27, 30, 35, 36 and/or (iii) stabilization of the HIF a subunit. 28, 31, 33, 37, 38 In addition, closely related viruses within the same family, such as Epstein-Barr virus and Kaposi's sarcoma-associated herpes virus, have distinct mechanisms for regulating HIF. [27] [28] [29] [30] [31] [32] [33] The ability of the replication-deficient d120 virus to activate HIF suggests that viral replication is not required. It is possible that an immediate early protein expressed by d120 may be responsible for this effect. 17 d120 expresses four immediate early proteins, ICP0, ICP6, ICP22 and ICP27, following infection of non-permissive cells. 11 ICP0 is a ubiquitin ligase and its expression leads to the promiscuous activation of HSV and heterologous promoters. 39 Thus, it is possible that ICP0, or one of the other immediate early proteins, activates the HIF pathway. A similar mechanism was proposed by Griffith et al. 17 during the generation of an oncolytic HSV-1 containing ICP4 under the control of the URR16 promoter. In that virus, altered regulation of the URR16 promoter was demonstrated following HSV infection. Understanding the mechanism(s) underlying HSV-1 mediated induction of the HIF pathway will be critical in determining whether modifications can be made to improve the tumor specificity of an HIF-regulated oncolytic HSV-1.
Experimental manipulation of HIF levels in tumor models leads to changes in tumor growth, angiogenesis and metastasis, thereby demonstrating its importance as a pro-tumorigenic factor. [40] [41] [42] [43] [44] [45] [46] [47] [48] In addition, many of the viruses, which activate HIF, are also oncogenic such as Hepatitis B, 37, 38, 49 Hepatitis C, 35 Kaposi's sarcomaassociated herpes virus, [29] [30] [31] [32] [33] Epstein-Barr virus 27, 28 and human T-cell leukemia virus. 36 While HSV-1 infection is not associated with cancer in humans, treatment of experimental tumor models with oncolytic HSV induces tumor angiogenesis. 50 In addition, a subset of the proangiogenic factors induced in the HSV-treated tumors were previously identified as HIF-target genes. 4 These findings coupled with our studies showing induction of HIF-transcriptional activity by HSV-1 suggest that the pro-angiogenic phenotype of this virus may be mediated, in part, by HIF. Thus, it is possible that activation of the HIF pathway by oncolytic HSV-1 treatment may promote a more aggressive tumor phenotype (increased tumor growth, angiogenesis and tumor cell invasion/ metastasis). This may be most evident in situations in which the oncolytic activity of the virus is weak, because of attenuated viral replication or an inability to counterhost anti-viral defenses.
Although HSV-1 shows promise as an anti-tumor virus and has entered several human clinical trials, this study has revealed possible problems that could arise in its use. Reversion to a wild-type phenotype, loss of specificity because of viral transactivation of the transgenic promoter and viral activation of tumor angiogenesis must all be taken into account in future research.
